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Abstract 

In many standby applications, the battery technology of 
choice is lead acid. Where the application is critical the state 
of health of the battery is a primary concern; A simple 
evaluation technique for determining the battery** 
performance would be highly desirable. Described are 
measurements of battery jmpMartoe made on a sealed lead 
acid battery of a particular type. At least one important 
failure mechanism, dryout, is usefully presaged by an 
increase in impedance of sealed lead acid battericsThc 
impedance rise, which is observed to be log-linear with time 
on float, is acooamanied by a linear loss of cell weight due 
to water loss. The results suggest that battery impedance 
may provide a useful diagnostic for sealed lead acid batteries 
if simple calibration experiments are p er f ormed on cells of 
the type to be monitored. 

Introduction 

A cause for concern for many battery users, especially in 
critical applications involving uninterruptible power supplies, 
is the state of health of the battery, the user is particularly 
concerned with available Amp hrs^ and , at the previous 
Intelec conference in Toronto, the question was asked on 
several occasions as to the best rnethod(s) for evaluating 
battery jjcrformance while in service, and ulnxoately, how an 
indication of end of fife is obtained. The obvious and most 
direct answer of course is a capacity discharge test. This 
solution however tends to be expensive, inconvenient and for 
the period of the test and subsequent recharge leaves the 
supported systems, with little if any battery backup, the 
need therefore is for a procedure mat minim a ll y panirbs the 
system, is simple enough to be performed by the user as a 
periodic maintenance routine and ideally, is compatible with 
remote data collection techniques. Potentially interesting is 
me measurement of cell or battery impedance using a small 
amplitude A C At the high discharge rates employed in 
many U.P.S. systems the internal resistance becomes an 
important parameter in d uu mi ning the available capacity of 
me cell or battery to a particular end voltage. The question, 
however, is wbethcrinroedance measured using A.C can 
function as a reliable perf o rm ance indicator, where 
performance is defined as available capacity (Amp hrs.) 
under a large D.C load. DeBardclaben [1] reported cell 
impedance measurtments on 7000 Amp hr leaa* antimony 
telephone cells and concluded that impedance measurements 
could substitute for discharge testing. The main focus of mat 
work, however, was the measurement technique itself, 
primarily the problems associated with obtaining meaningful 
data while the battery remained in service. There was very 
Hole discussion of the physical rigriificance of the inrpedance 
measurement in terms of the reactions occurring in the 
battery nor any mention of the statistical significance of the 
measurement and its robustness as a general measurement 
tool. This report describes experiments on a particular 
starved electrolyte sealed lead acid battery with emphasis on 
the validity arid reliability of the measurement and the 
mechanism of failure. 

Experimental 

The lead acid batteries used in this study were the. 
starved electrolyte 'sealed" (valve regulated) type, rectangular 



til shape with an advertized capacity of 38 Ah at the 20 hour 
rate. The batteries were manufactured and tested as six cell 
(12V) modules. The "as received" (from the manufacturer) 
batteries were initially given two discharge-recharge cycles. 
The discharge load was a constant current of 96 Amps, 
which is a particular VJPJS. maximum average load current 
Recharge to 120% of the discharge capacity was 
accomplished at the recommended float voltage of 13.62 
volts per battery. The two cycle exercise provided "as 
received" capacity data plus a battery to battery comparison. 
Battery weights were measured using a Mettler PS 15 
balance of 1 gm. accuracy. Battery impedance 
measurements were made with a Keithley Model #503 A.C. 
resistance bridge at 40 Hz frequency. Comparative 
measurements at 1 KHz were accomplished with a Hewlett 
Packard Milliohmeter model #4328A. Three test temperatures 
20*C 40*C and 50 # C controlled to * VC by the use of 
environmental chambers were chosen as potentially 
representative of actual application conditions. At each test 
condition, six 12V modules were connected in parallel and 
floated at 13.62V per battery. The current to each module 
was monitored using current measuring resistors. 

Impedance and phase angle spectra were measured using a 
Hewlett Packard 4129 A Impedance analyzer. The spectra of 
a fully charged battery are shown in Figure 1. The region 




of interest in this case occurs below 2KHz where the 
impedance is independent of frequency showing its major 
component to be resistance. Measurements performed at 
40Hz show this resistive region to extend to at least that 
frequency. At the frequencies used in these experiments 
therefore (40Hz and lKHx) the measurement of impedance 
provides a true resistance unencumbered by the inductive 
reactance that appears above 2KHr_ 

Results and Discussion 

Prior to any impedance measurements each battery was given 
the two initial cycles described previously. A discharge 
curve typical of that obtained from the second initial cycle is 
shown in Figure 2. For a sample of thirty batteries 
discharged at an ambient temperature of 25C the average 
duration of the 96 A discharge was 6.8 + 0.4 minutes to an 
end voltage of 10.5 volts. 
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measure the gas evolution rates as well as an analysis of the 
gas cocoporiooe revealed that only approximately 10% of the 
weight loss could be attributed to actual electrolysis of water. 
In an attempt to identify the major cause of the water lots, t 
semi logaritrmnc plot was made of the water loss rate vs the 
reciprocal of . me absolute temperature. It is shown in Figure 
11. Results from the three test t emp er a tures fall on a straight 
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fine, the slope of which implies an activation energy of 
22kcal/mok, were the process described attributed to a 
single, thermally activated process. However water loss in 
this case is not attributed to any known single mechanism. 
In fact, it is believed that water loss from the batteries is 
most likely the result of the interaction of several 
mechanisms including evaporation, diffusion through the case 
material and electrolysis. Analysis of the separator material 
at end of life revealed that approximately 8% of the water 
initially present was lost The effect of replacing mis lost 
water is shown in Figure 1Z The two batteries represented 




had been on float at 13.62V per battery and 40*C for 257 
days. The discharge current in this experirnent was teduced 
from 96 Amps to 70 Amps to increase the sensitivity of the 
experiment smce little capacity remained at 9d amperes. The 
discharges were run at 23*C Each battery had lost 66 gms 
during the experiment and following the above discharges, 
this amount of water was replaced by adding 11 gms of 
water so each cell The effects of the water additions are 
apparent. Given an end vohage of 105V the discharge time 
increased from approximately one minutes to approximately 
10-11 minutes. A new battery would typically provide a 
discharge time of approximately 14 minutes. That water loss 
played a major role in determining the life of these particular 
batteries therefore was clear. Earlier a strong correlation was 
identified between available capacity and measured battery 
impcrfanrr, A major factor in determining available capacity 
has now been shown to be the amount Of water in me 
battery. Since the battery operates in a starved electrolyte 
condition it perhaps is not surprising that small water losses 
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can result in a breakdown of ckctrolytc continuity that 
increase the internal re sis ta n ce. 

Certainly the small amounts of water involved would not 
seriously effect the conductivity of the sulphuric acid 
solution hself. However, even though the precise mechanism 
is presently unclear, what is clear is that there appears to be 
an extremely strong correlation between measured impedance 
and bartery performance that perhaps portends hope for a 
state of health indicator. 

Conclusions 

A strong correlation between measured impedance 
using commercially available resistance meters and battery 
performance has been demonstrated for a particular battery 
type. At 40*C and 50*C the major cause of capacity loss in 
this battery type is the loss of water from the battery. At 
high rates of discharge small losses of water (8%) can 
. drarnatically effect battery performance. 
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-the defined end of life (4 min to 10.SV) the mourned 
""P^ff* has approximately doubled, frdtn 7mQ to IStaQ 
? *f' l7mQ *t 30*O from its as received (new) value 
fcrboth the 40T and 50X experiments. Interestingly 

"We by different experimental conditions bad similar 
Impedances at end of life. Further evidence of the 
•elationship between measured impedance and available 
«P*e»ry u provided in Figure 7 where they are plotted 




v°^one another. Although these dau were obuined from 
battcnes on test for 62 days at 50'C at* 13.62VorZ27T 
P-oeH the relationship was found to be troe for Zl £ 
The excellent correlation between available 
Wty and measured impedance me** that i, should be . 

^IZ^^ir*" tytM > l < from , 

m«s««n t of Ae banery impedance; a find^L might 
be extrapolated to new as well as aged batteriesT 

1^!!^ * this idea, two sets of batteries 
^ ^.bose of the present experin^, wobodw:<i 

?* «*« W Ah -12V batteries of Ac sa^T 
^uftaurer-, designation) as the 38 Ah -,2V bat^S 
desenbed prevrousry. These panicuUr banerie, had^™ 
ofarDomirmpCTsnirefk^cxpcriinent, havinf^L™ 
@13.o2V per b^tery ^ 2^~^Z » 
A typical UPS discharge loadfarSs p^uS«r^ 
b«ery «* would result in a disclurge cunenVo^Hmps 
nnddus value was aelected as the discharge current in*T 

had widely differing discharge characteristics aid knc^L- 

STJ 0lPed !r e ™* *° repre^. P 

vme^ofnuntrf^j lots over a two-yearp^ TCs. 
^re. was a reasonably robust test in that hcootained . 

«Wo£f£? ^ HCW ' ea ? ^ n^ohme^^ 
(1000Hz) and plotted against discharge time to 10.5V for . 

^w«ce. Given the defined end point of four minutes 
onclurge duramen rt is apparent from Figure 8 that bakeries 
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w«h mvedance. of grewer than IfimQ, „ 
^JKHz.«,m»ccept»ble. R^^-a-c 
»«*nementx of greaterthan SS?^ 
no cap^ty whatsoever „ tt £ ^^^ic^V^ 
messeiKecanbe oaedtsa e^^ l 0 ^- R « ure 8 
P^cuUr ,5 Amp^ ««s f 

b-neries was fa*^ fio^s ^S^H 

operating w m designed etrvironmeot and XvTJT^ 
baneries tesed were near en7offi£ TfcS" ^ 
connected into a 120V string that was deriZf? VT 
« . 48 Ampere maximum ^T^^^^ 
curves at this rate are very neariylW .^7^* 
voltage a, fixed time is«<S y Sve"^ ^ 
«P<ciry as is doe at fixed vol Jeiw? ^ $ " re of 
*cond discharge points S SdS^^ " "* 30 
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d-^ ^ dx batteries were below 10 V. OncoLin die 
J^e^onship was observed. Parriculrfy ..t^^ 

, y ,UOUe vanaoons m capacity usinc this 

v^vf^J^ 111 " ** Pr-iimhury and as 

yet have only been applied to one family of noducLd^f 

« useful mdicatdr of capacity in specific wSdonT 
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At such nigh discharge rites there is no significant plateau 
portion to the curve, which decays almost linearly with time. 
In a typical UJ.S. die end of a discharge is generally denned 
by an end voltage; for example, 103V for a nominally 12V 
battery. A relatively steep linear decay as described by 
figure 2 means that the end voltage specification has a 
significant effect on the amount of capacity available. The 
average float currents demanded by these batteries at the 
various test temperatures are shown in figure 3; Tbcy 
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employed to power equipment that is designed to 'upeute *\ 
acmpentures up to 40*C (2]. Battery ambients between 4QTC ^ 
and 50*C are thus to be anticipated as possible in some 
U-P-S. applications. The relatively short lifetimes of this 
particular battery under these conditions illustrate the concern 
of the UJ\S. owner and highlight the need for a reliable, 
simple measure of battery capacity. 

figure 5 contains a family of discharge curves that illustrate 
the effects of time on test at 40*C As the battery aged, the 





increase with time in a gradual fashion. No evidence of a 
thermal current runaway, as evidenced by an exponential rise 
in current with time, was observed in any of these 
experiments. At intervals during the experiment, the baoerics 
were discharged at the to m pcitttnt of the ^ipaUiJca t using a 
constant current load of 96 Amps. The discharge capacities 
thus obtained arc given in Figure 4. The effect of ambient 
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temperature on battery life is illustrated. End of life, 
application defined as the point at which the battery could 
not sustain a voltage of greater than 103V for a period of 
greater man 4 minutes, would be 99 days @ SOT and 204 
d*ys @ 40*C This contrasts with batteries on test at 20*C 
for which current test data indicate a life in excess of 600 
days. This rather better performance at 20*C cannot be relied 
opon, however, because UP.S. gear is conventionally 




absolute value of the voltage at a particular tiro during the 
discharge was lowered. It is interesting to note the almost 
parallel relationship of trie discharge curves The effect on 
the capacity of tms lowering of discharge voltage is obvious. 
The difference between the voltage at the beginning Of the 
discharge and the end voltage becomes smaller, while the 
rate of voltage decay remains constant, thus reducing the 
time to reach the end voltage. This behavior is highly 
suggestive of an increase in battery internal resistance. The 
measured impedance increase that accompanies aging for 117 
days @ 40*C (curve 4) for example : is Z2m£L if this were 
the absolute value of the battery internal resistance (simply 
Ohms law) then it would result in a 210 mV drop in plateau 
voltage for a discharge current of 96 amperes. The 
experimental value of 250 mV is in reasonably good 
agreement although it obviously does not tell the whole 
story. As the cell impedance further meases this simple 
Ohms law relationship becomes less valid. The values of the 
actual plateau voltage decrease become proportionately 
much larger than that calculated from the product of the 
impedance increase and discharge current as aging 
progresses. A number of mechanisms might be responsible 
for this increase, but their ide n tification will require further 
study. All the resistance vj time data for the 38 Ah battery 
are plotted - in figure 6Y That the log of the resistance varies 
linearly with time is shown, and this data, together with that 
from figure 4 (capacity as a function of time) indicate that at 
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